This study aims to evaluate the effects of ultrasonication (US) on the conformational, microstructural, and antioxidant properties of konjac glucomannan (KGM). US treatment with a 20-kHz and 750-W ultrasonic processor at 60% amplitude was applied for partial degradation of KGM with an average molecular weight (MW) of 823.4 kDa. Results indicated that the US treatment caused dramatic reduction in the MW, apparent viscosity, hydrodynamic radius, and z-average mean radius of gyration. The flexibility of chain conformation of native KGM was slightly increased during the US treatment. According to electronic microscopic imaging, the compact, smooth, and orderly fibrous strings formed by KGM were changed to amorphous, porous flakes and globular particles after US treatment. KGM and its US-treated fractions showed moderate radical-scavenging and ferric-reducing antioxidant activity. US degradation of KGM affected these activities either positively or negatively, depending on the US treatment period. In summary, ultrasonic degradation of KGM caused changes in its conformation characteristics, microstructure, and antioxidant activities.
Introduction
Konjac glucomannan (KGM) is a water-soluble polysaccharide originated from the plant tuber of Amorphophallas konjac. The polysaccharide chain of KGM is composed of 1,4-linked β-D-mannopyranose and β-D-glucopyranose backbone with a mannose and glucose molar ratio of 1.4 to 10 [1] [2] [3] [4] . KGM is widely used in pharmaceutical, biotechnological, fine chemical, and other fields because of its excellent biocompatibility and biodegradable activities [5] . Moreover, it is recognized as a promising dietary fiber supplement and functional food for gut health, body weight management, and type 2 diabetes treatment [6] [7] [8] [9] [10] . However, native KGM has a very limited range of functionality. Therefore, its modifications attracted increasing attention for expanding its functions and applications [11] .
Chemical and physical methods are frequently applied to modify KGM [11] . Sulfated KGM was shown to have potent anti-human immunodeficiency virus (HIV) activity and moderate blood anticoagulant activity [12] . Oxidized KGM and its acidolysis products exerted immune responses to Schizothorax prenanti infected by Aeromonas hydrophila [13] . Consumption of depolymerized KGM has been shown to enhance wound healing for mice [14] . Acid-hydrolyzed KGM exhibited a greater prebiotic effect on the modulation of cecal and fecal microflora than did original KGM in mice [15] .
On the other hand, physical methods such as γ-irradiation, ultrasonication (US), and extrusion were used to modify KGM. Degraded KGM prepared by γ-irradiation was demonstrated to be more effective in protecting the LO2 cell line (human hepatic cell line) against H 2 O 2 -induced oxidative damage [16] . US-degraded KGM had stronger protective effects on Bifidobacteria against antibiotic damage [17] . Extrusion modification was able to reduce the molecular weight, water absorption index, and viscosity of KGM [18] .
As sonochemistry is used in several chemical, physical, and biological processes [19] , ultrasonic (US) treatment was effective for partial degradation of polymer compounds, reducing the molecular weight and viscosity but not causing any significant changes in the chemical nature [20] . It has been widely explored for the modification and partial degradation of carbohydrate polymers including various natural polysaccharides [20, 21] . Sonication usually breaks polymer chains at the center point or at the structurally weakest points. The polymer at a high molecular weight or with a longer chain is degraded more rapidly by US. A linear polymer chain was found more easily degraded with US than branched ones [22] . The degradation kinetics can be fitted to either a midpoint chain scission model or a random chain scission model [23] .
A previous study of our group showed the effects of power ultrasound on the molecular weight and rheological properties of KGM [24] . Based on this, the aim of the present study was to further investigate the effects of US treatment on the solution properties of KGM, particularly its conformation characteristics and microstructure in water. The effects of US treatment on the bioactivity of KGM have rarely been reported except the studies reported by Mao et al. and Song et al. [17, 25] , the influence of US degradation on the antioxidant activity of KGM was evaluated using in vitro assays. The investigation will be helpful for a better understanding of the degradation mechanisms and the effects of US on the functional properties of KGM.
Materials and Methods

Materials
KGM (containing about 8% acetyl groups, with a molecular weight (MW) of 823.4 kDa) was kindly provided by Hubei Konson Konjac Gum Co., Ltd. (Wuhan, China). The molar ratio of mannose (Man) to glucose (Glc) (M/G) was 1.3 (Table S1 , Supplementary Materials).
Reference standards of monosaccharides and derivatives (L-fucose, L-rhamnose, D-arabinose, D-galactose, D-glucose, D-mannose, D-fructose, D-galacturonic acid, and D-glucuronic acid), and trifluoroacetic acid (TFA) were purchased from Merck Corp. (Darmstadt, Germany) and Sigma Chemical Corp. (St. Louis, MO, USA). Furthermore, 2,2 -diphenyl-1-picrylhydrazyl (DPPH), 2,2 -azinobis-3-ethyl-benzothiazoline-6-sulphonate (ABTS), and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) were obtained from Sigma Chemical Corp. (St. Louis, MI, USA).
Composition Analysis of KGM
Saccharide content of KGM was determined using the phenol-sulfuric acid method [26] with Man as a standard, and the total protein content was measured using a photometric assay [27] with bovine serum albumin (BSA) as a standard. The acetyl group content was determined using a titration method [28] . Monosaccharide composition was analyzed using a high-performance anion-exchange chromatograph with pulsed amperometric detection (HPAEC-PAD) as reported previously [29] . The KGM sample (5 mg) was initially hydrolyzed in 0.5 mL of 12 M H 2 SO 4 solution for 0.5 h at 100 • C and then diluted with 2.0 mL of ultrapure water, and further hydrolyzed for 2 h. The hydrolysate was applied to monosaccharide analysis using a Dionex ICS-5000 System (Dionex Corporation, CA, USA), which was equipped with a CarboPac TM PA20 guard column (3 mm × 30 mm) and a CarboPac TM PA20 analytical column (3 mm × 150 mm) in series [30] .
Ultrasonic Degradation of KGM
KGM (~0.9 g) was mixed with distilled water (300 mL) and heated at 70 • C for 2 h, and was kept at room temperature under stirring for another 12 h to attain a homogenous solution. The KGM solution was centrifuged at 10,000 rpm (~15,344× g) to remove any undissolved residues. The final KGM solution was transferred into a 50 mL plastic centrifuge tube at 30 mL filling volume for US treatment. The US treatment was performed using a Model VCX-750 ultrasonic processor with a frequency of 20 kHz (Sonics & Materials Inc., Newton, USA) and at a fixed power controlled at 60% amplitude, as previously reported [22] . The ultrasonic probe (tip diameter: 6 mm) was submerged into the KGM solution at a fixed depth of 2 cm. The sample tube was placed in an ice bath during the US treatment.
Analysis of MW and Conformation Parameters
KGM before and after ultrasonic degradation was dissolved in 0.1 M NaNO 3 containing 0.02% (w/w) NaN 3 for more than 24 h, before being filtered through a 0.22 µm membrane and applied for high-performance size-exclusion chromatography (HPSEC) analysis [31] . The HPSEC instrument system consisted of a multi-angle laser light scattering (MALLS) detector (wavelength of 663.6 nm, eighteen angles) (Dawn Heleos II, Wyatt), a refractive index (RI) detector (OPTILAB T-rEX, Wyatt), and a viscometer (Visco Star II, Wyatt). Three SEC columns in series were used including an Ohpak SB-G guard column (8 × 50 mm), an Ohpak SB-806 HQ column (8 × 300 mm), and an Ohpak SB-804 HQ column (8 × 300 mm) from Showa Denko K.K. (Tokyo, Japan), with the temperature being maintained at 35 • C. The eluent was 0.1 M NaNO 3 solution containing 0.02% (w/w) NaN 3 at a flow rate of 0.6 mL/min. Data were collected and analyzed using the ASTRA software (Version 6.1.1.84), normalized with dextran from Leuconostoc mesenteroides (average MW: 35,000-45,000) (Sigma, St. Louis, USA). An RI increment (dn/dc) of 0.146 was used in the calculation.
Rheological Measurement
KGM samples were dissolved in ultrapure water at 55 • C with constant stirring. The sample solution was kept at 25 • C for more than 12 h before measurement. The measurement was operated with a strain-controlled rheometer (ARES-G2, TA instrument, Newcastle, DE, USA) equipped with parallel plate geometry (40 mm diameter, 1.0 mm gap) or cone plate geometry (50 mm diameter, 0.046 mm gap). A steady shear test was applied for the determination of flow behaviors at 25.0 • C.
Fourier-Transform Infrared Spectroscopy and Scanning Electronic Microscope Observation
Fourier-transform infrared (FTIR) spectra of KGM samples were recorded using a Thermo Nicolet 5700 IR spectrophotometer (Thermo-Electron, Madison, USA) in wavenumbers ranging from 4000 cm −1 to 400 cm −1 at a resolution of 4 cm −1 .
KGM was dissolved at 1.0 mg/mL and placed into liquid nitrogen for 10 min and freeze-dried. The dried samples were prepared with platinum sputter coating, and imaged using a JSM-6701F scanning electronic microscope (SEM) (Jeol Company, Tokyo, Japan) at an accelerating voltage of 5 kV.
Antioxidant Activity Assays
All samples of KGM and US-degraded fractions were dissolved in distilled water to various concentrations (0.125-2.0 mg/mL) for antioxidant activity assays. All assays were performed according to reported procedures with slight modifications [32] for DPPH radical-scavenging activity, [33] for ABTS radical-scavenging activity, and for ferric-reducing antioxidant power. The radical-scavenging activity (%) was represented by (1 − (A 2 − A 1 )/A 0 ) × 100, where A 0 , A 1 , and A 2 were the absorbance values of the control (DPPH solution), solvent blank (ethanol), and the tested KGM sample, respectively. Figure 1 and Table 1 show the results from the HPSEC-MALLS-Vis-RI analysis of KGM fractions before and after US treatment. The MW of KGM was significantly reduced with the increase in sonication time. Meanwhile, the polydispersity index M w /M n value of KGM decreased with increasing sonication time, indicating a narrower or more uniform MW distribution. Similarly, the MW distribution of KGM became narrower upon ultrasonic degradation [34, 35] . Usually, shear forces produced from the rapid collapse of cavitation bubbles in the liquid due to ultrasonication are mainly responsible for the disruption of the polymer aggregates and breakage of polymer chains in solution [20, 36] . Table 1 show the results from the HPSEC-MALLS-Vis-RI analysis of KGM fractions before and after US treatment. The MW of KGM was significantly reduced with the increase in sonication time. Meanwhile, the polydispersity index Mw/Mn value of KGM decreased with increasing sonication time, indicating a narrower or more uniform MW distribution. Similarly, the MW distribution of KGM became narrower upon ultrasonic degradation [34, 35] . Usually, shear forces produced from the rapid collapse of cavitation bubbles in the liquid due to ultrasonication are mainly responsible for the disruption of the polymer aggregates and breakage of polymer chains in solution [20, 36] . 
Results and Discussion
Effect of US on MW Distribution of KGM
Degradation Kinetics and Chain Scission Mechanisms
The intrinsic viscosity and MW of KGM fractions decreased rapidly in the initial period of US treatment (≤20 min) and then slowly in the remaining period (Figures 2a,b) . In Figure 2b , the initial value of [η] for KGM was 1803.5 mL·g −1 , which was close to values reported by Kishida et al. [ 
The intrinsic viscosity and MW of KGM fractions decreased rapidly in the initial period of US treatment (≤20 min) and then slowly in the remaining period (Figure 2a,b) . In Figure 2b , the initial value of [η] for KGM was 1803.5 mL·g −1 , which was close to values reported by Kishida et al. [37] Ultrasonic degradation of polymers follows two primary chain scission mechanisms: random chain scission and midpoint chain scission [40] . The degradation kinetics for random chain scission can be represented by the classical Schmid model relating the rate of degradation to MW [41] .
where M i and M t represent the initial average MW and the MW at time t of the US treatment, respectively, M e is the final limiting average MW, m represents the MW of the monomer, c is the initial molar concentration of the polymer, and k 1 is the degradation rate constant. With this model equation, the plot of −(M e /Mt) − ln((1 − (M e /Mt) versus time t is linear. For midpoint chain scission, the degradation kinetics can be represented by the following first-order kinetic model [42] :
The final limiting MW M e value for the KGM fractions was attained upon US treatment of KGM for 2 h as 20.7. Figure 2c ,d show the plots and linear regression results of experimental data according to the model equations, −(M e /M t ) − ln((1 − (M e /M t ) versus t for the random scission (Equation (1)) and ln((M e − M i )/(Mt − M i )) versus t for the midpoint scission (Equation (2)), respectively. Obviously, the experimental data fitted closely to the random chain session model (Figure 2c ) but not to the midpoint scission model (Figure 2d ), suggesting that the US degradation of KGM was mainly achieved through the random chain scission mechanism. Similarly, random chain scission was also observed in previous studies for US degradation of KGM [22] , pectin [43] , and chitosan [40] .
Ultrasonic degradation of polymers follows two primary chain scission mechanisms: random chain scission and midpoint chain scission [40] . The degradation kinetics for random chain scission can be represented by the classical Schmid model relating the rate of degradation to MW [41] .
where Mi and Mt represent the initial average MW and the MW at time t of the US treatment, respectively, Me is the final limiting average MW, m represents the MW of the monomer, c is the initial molar concentration of the polymer, and k1 is the degradation rate constant. With this model equation, the plot of −(Me/Mt) − ln((1 − (Me/Mt) versus time t is linear. For midpoint chain scission, the degradation kinetics can be represented by the following first-order kinetic model [42] :
The final limiting MW Me value for the KGM fractions was attained upon US treatment of KGM for 2 h as 20.7. Figures 2c,d show the plots and linear regression results of experimental data according to the model equations, −(Me/Mt) − ln((1 − (Me/Mt) versus t for the random scission (Equation (1)) and ln((Me − Mi)/(Mt − Mi)) versus t for the midpoint scission (Equation (2)), respectively. Obviously, the experimental data fitted closely to the random chain session model (Figure 2c ) but not to the midpoint scission model (Figure 2d ), suggesting that the US degradation of KGM was mainly achieved through the random chain scission mechanism. Similarly, random chain scission was also observed in previous studies for US degradation of KGM [22] , pectin [43] , and chitosan [40] . Figure 3 displays the apparent viscosity versus shear rate of KGM solutions as a function of time under US treatment. All the original KGM fractions exhibited shear-thinning flow behavior at concentrations over 0.25% (w/v) and the apparent viscosity exceeded 1000 Pa·s at shear rate of 0.01 s −1 . The apparent viscosity decreased rapidly upon US treatment. As the US treatment exceeded 4 min, the apparent viscosity was flat versus the shear rate, indicating that the KGM solution was changed to a Newtonian fluid (0.5%) with a constant viscosity independent of shear rate. The apparent viscosity decreased rapidly upon US treatment. As the US treatment exceeded 4 min, the apparent viscosity was flat versus the shear rate, indicating that the KGM solution was changed to a Newtonian fluid (0.5%) with a constant viscosity independent of shear rate.
Effects of US on Rheological and Structural Characteristics of KGM
(a) (b)
Figure 3. Apparent viscosities of original KGM and US-treated KGM. (a) Apparent viscosity of KGM; (b) apparent viscosities of US-treated KGM (KGM-US-2, KGM-US-4, KGM-US-6, KGM-US-10, KGM-US-20, KGM-US-30, and KGM-US-60
). All samples were tested three times by flow sweep in the shear rate range of 0.01-1000 s −1 at 25 °C. All values are expressed as means ± SD (n = 3). Figure 4 shows the FTIR spectra of KGM fractions before and after US treatment (for 10 min and 60 min). The broad absorption peak at 3500-3000 cm −1 was attributed to O-H stretching vibration of the inter-and intra-molecular hydrogen bonds of hydroxyl groups. The band around 2889 cm −1 was due to the C-H stretching and bending vibration of methyl groups. Peaks at 1733, 1369, and 1254 cm −1 were assigned to the valence vibration of C=O, the symmetric C-H bending vibration of the methyl group, and the C-O vibration of O-acetyl groups, respectively [44, 45] . Most of these characteristic peaks were preserved after US treatment, suggesting that there was no significant alteration in the functional group types of KGM before and after US treatment. 
. Apparent viscosities of original KGM and US-treated KGM. (a) Apparent viscosity of KGM; (b) apparent viscosities of US-treated KGM (KGM-US-2, KGM-US-4, KGM-US-6, KGM-US-10, KGM-US-20, KGM-US-30, and KGM-US-60
). All samples were tested three times by flow sweep in the shear rate range of 0.01-1000 s −1 at 25 • C. All values are expressed as means ± SD (n = 3). Figure 4 shows the FTIR spectra of KGM fractions before and after US treatment (for 10 min and 60 min). The broad absorption peak at 3500-3000 cm −1 was attributed to O-H stretching vibration of the inter-and intra-molecular hydrogen bonds of hydroxyl groups. The band around 2889 cm −1 was due to the C-H stretching and bending vibration of methyl groups. Peaks at 1733, 1369, and 1254 cm −1 were assigned to the valence vibration of C=O, the symmetric C-H bending vibration of the methyl group, and the C-O vibration of O-acetyl groups, respectively [44, 45] . Most of these characteristic peaks were preserved after US treatment, suggesting that there was no significant alteration in the functional group types of KGM before and after US treatment. The apparent viscosity decreased rapidly upon US treatment. As the US treatment exceeded 4 min, the apparent viscosity was flat versus the shear rate, indicating that the KGM solution was changed to a Newtonian fluid (0.5%) with a constant viscosity independent of shear rate.
(a) (b) Figure 4 shows the FTIR spectra of KGM fractions before and after US treatment (for 10 min and 60 min). The broad absorption peak at 3500-3000 cm −1 was attributed to O-H stretching vibration of the inter-and intra-molecular hydrogen bonds of hydroxyl groups. The band around 2889 cm −1 was due to the C-H stretching and bending vibration of methyl groups. Peaks at 1733, 1369, and 1254 cm −1 were assigned to the valence vibration of C=O, the symmetric C-H bending vibration of the methyl group, and the C-O vibration of O-acetyl groups, respectively [44, 45] . Most of these characteristic peaks were preserved after US treatment, suggesting that there was no significant alteration in the functional group types of KGM before and after US treatment. 
Effect of US on Chain Conformation of KGM
As shown in Table 1 , the hydrodynamic radius R h and zeta-average radius of gyration R g of KGM fractions decreased as the US treatment time was increased, indicating the size reduction of polymer aggregates. The three-dimensional shape of polymer in liquid can be related to the ratio, ρ = R g /R h . Usually, ρ is about 0.77 for a uniform and non-draining sphere, 1.0-1.1 for a loosely connected hyper branched chain, 1.5-2.0 for a flexible chain in a good solvent, and >2.0 for an extended rigid chain [46] . The R g /R h ratio fluctuated in the initial 10-20 min and showed a notable increase after 30 min of US treatment, i.e., the ratio for KGM went from 1.74 to 1.93 (30 min).
Intrinsic viscosity [η] is related to the average MW via the Mark-Houwink equation, [η] = KM α . The exponent α value usually lies in the range of 0.5-0.6 for random-coil polysaccharide chains, while α in the range of 0.7-0.8 suggests that the polymer exists as a linear flexible chain in a good solvent. For a rigid or rod-like polymer, the chains are greatly extended in solution and the α value could be as high as 2.0 [47, 48] . The α value was 0.79 for KGM. The notable increase in the α value of KGM after US treatment suggested that the polymer chains were greatly extended. KGM with a lower MW and viscosity was more homogeneous. After US treatment for over 2 min, the α values of higher-MW sections of KGM fractions increased from 0.51 to 0.95.
Persistence length (L p ) is defined as the average projection length along the initial direction of the polymer chain and it is a useful index for the linear flexibility of polysaccharide chain [39, 49] . Based on the wormlike cylinder model for characterizing the conformation characteristics of polymers, L p can be computed using the Bohdanecký plot of (M 2 /[η]) 1/3 against M 1/2 according to the following equation [50] :
where Φ 0,∞ is equal to 2.86 × 10 23 mol −1 , M L is the mass per unit contour length of 330 g·mol −1 ·nm −1 , and B 0 can be replaced by the mean value of 1.10 [39] . The L p value was 10.3 nm for the original KGM sample, suggesting it had a flexible chain conformation, which is in good agreement with a previous study [39] . For KGM after 2 min of sonication, the Bohdanecký plot was divided into two sections according to Mark-Houwink plot ( Figure S1 , Supplementary Materials), with a L p value of 7.1 nm in higher-MW sections. As the sonication time exceeded 30 min, the L p value of KGM in the higher-MW region was still 7.5 nm. Figure 5 presents the SEM images of KGM fractions before and after US treatment up to 60 min. The original KGM exhibited orderly and relatively compact fibrous networks ( Figure 5 and Figure S2 , Supplementary Materials), which were quite different from microstructures for other glucomannans from konjac flour [51, 52] , probably due to different conditions for sample preparation. In the present study, the KGM sample solution for the SEM was placed in liquid nitrogen for 10 min before freeze-drying to maintain the chain structure. The microstructure of KGM fractions changed notably after sonication, from a linear morphology and orderly structure to particulate and amorphous particles. The particles were probably formed through the aggregation of shorter polymer chains of lower-MW fractions from US degradation. The microstructures shown by the SEM could partly explain the reduction in KGM viscosity and change in rheological behavior from the shear thinning fluid of the long polymer chains and large gel networks to the Newtonian fluid of well-dispersed and shorter fragments in water. 
Effect of US on the Microstructure of KGM
US Treatment Effect on in Vitro Antioxidant Activity of KGM
As shown in Figure 6 , KGM before and after US treatment exhibited moderate scavenging activity against DPPH and ABTS
•+ radicals and ferric-reducing power. The ABTS •+ radical-scavenging activity increased steadily with US treatment period from 2 to 60 min. However, the DPPH scavenging activity and ferric-reducing power only increased with the US treatment for 2 min (KGM-US-2), but not consistently beyond this US treatment period, similar to a previous study on some other polysaccharides subjected to US treatment [53] [54] [55] . Overall the results suggest that US treatment of KGM improved the in vitro antioxidant activity, probably due to the reduction in MW, as shown in previous studies [55] [56] [57] . 
As shown in Figure 6 , KGM before and after US treatment exhibited moderate scavenging activity against DPPH and ABTS ·+ radicals and ferric-reducing power. The ABTS ·+ radical-scavenging activity increased steadily with US treatment period from 2 to 60 min. However, the DPPH scavenging activity and ferric-reducing power only increased with the US treatment for 2 min (KGM-US-2), but not consistently beyond this US treatment period, similar to a previous study on some other polysaccharides subjected to US treatment [53] [54] [55] . Overall the results suggest that US treatment of KGM improved the in vitro antioxidant activity, probably due to the reduction in MW, as shown in previous studies [55] [56] [57] . 
Conclusions
The present study showed the alteration of the conformational, microstructural, and antioxidant properties of KGM caused by power US treatment. The original KGM presented a semi-flexible coil conformation and a linear morphology in water. Power US treatment of KGM led to a reduction in the average MW and apparent viscosity, as well as in the size of gel aggregates within a short period of time (<10 min). Meanwhile, in the time range of 0-10 min, the polydispersity index Mw/Mn value of KGM decreased from 1.5 to 1.2, showing a narrower or more uniform MW distribution. The reduction in MW with time during the US treatment of KGM followed the kinetic model for random chain scission. Compared with the original KGM, the US-degraded KGM had more flexible chain conformation, as well as fragmentary and particulate aggregates with a lower viscosity and Newtonian flow behavior. The US degradation of KGM in most cases resulted in higher radicalscavenging activities. Additionally, the effect of US treatment on the protection of KGM against H2O2-induced GES-1 cell apoptosis (data not shown) was evaluated, but no significant effect was observed. Overall, this study indicates that power US is a simple and effective means for rapid and partial degradation of high-MW KGM and for modification of the conformation and rheological properties, and enhancement of antioxidant activity.
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1: Figure S1 : MarkHouwink plots of KGM following different ultrasonic times. The Lp value was calculated according to the Bohdanecký method by ploting (M 2 /[η]) 1/3 against M 1/2 (not shown) for each molecular-weight distribution, which was the same as Mark-Houwink plot consideration. Molecular weight distribution selected for the above calculations covered 5-95% of determined mass for each KGM. KGM treated with ultrasonication is labeled as KGM-US. For example, KGM-US-2 means KGM was subjected to ultrasonication for 2 min at an amplitude of 60%; Figure S2 : SEM images of native KGM without US treatment; Table S1 : Physicochemical properties and monosaccharide composition of KGM. 
The present study showed the alteration of the conformational, microstructural, and antioxidant properties of KGM caused by power US treatment. The original KGM presented a semi-flexible coil conformation and a linear morphology in water. Power US treatment of KGM led to a reduction in the average MW and apparent viscosity, as well as in the size of gel aggregates within a short period of time (<10 min). Meanwhile, in the time range of 0-10 min, the polydispersity index M w /M n value of KGM decreased from 1.5 to 1.2, showing a narrower or more uniform MW distribution. The reduction in MW with time during the US treatment of KGM followed the kinetic model for random chain scission. Compared with the original KGM, the US-degraded KGM had more flexible chain conformation, as well as fragmentary and particulate aggregates with a lower viscosity and Newtonian flow behavior. The US degradation of KGM in most cases resulted in higher radical-scavenging activities. Additionally, the effect of US treatment on the protection of KGM against H 2 O 2 -induced GES-1 cell apoptosis (data not shown) was evaluated, but no significant effect was observed. Overall, this study indicates that power US is a simple and effective means for rapid and partial degradation of high-MW KGM and for modification of the conformation and rheological properties, and enhancement of antioxidant activity.
Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/9/3/461/s1: Figure S1 : Mark-Houwink plots of KGM following different ultrasonic times. The L p value was calculated according to the Bohdanecký method by ploting (M 2 /[η]) 1/3 against M 1/2 (not shown) for each molecular-weight distribution, which was the same as Mark-Houwink plot consideration. Molecular weight distribution selected for the above calculations covered 5-95% of determined mass for each KGM. KGM treated with ultrasonication is labeled as KGM-US. For example, KGM-US-2 means KGM was subjected to ultrasonication for 2 min at an amplitude of 60%; Figure S2 : SEM images of native KGM without US treatment; Table S1 : Physicochemical properties and monosaccharide composition of KGM. Funding: This research received no external funding.
